Emission Constrained Unit Commitment (ECUC) is an extension of the conventional Unit Commitment (UC) problem that takes into consideration the minimization of the amount of greenhouse gases emitted from generating units in power plants. This paper presents a Genetic Algorithm (GA) solution of ECUC for thermal power plants in Kuwait. GA is an efficient optimization technique based on the principle of biological evolution. This complicated nonlinear ECUC problem is solved in two stages; the first stage uses GA to perform the Economic Dispatch (ED) taken into account all system constraints, while the second stage uses also GA to decide the ON/OFF status of the generating units. The simulation results indicated the efficient convergent of the GA to the final optimal solution of the ECUC in Kuwait generation system. 
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NOMENCLATURE

N
Number of generating units.
T
Number of time intervals in hours.
TC
Total cost. 
FC
INTRODUCTION
The Economic Dispatch (ED) problem in power systems determines the optimal megawatt outputs of generating units that minimize the total operating cost for a given load demand. But Unit Commitment (UC) problem in power systems is an optimization problem that is designed to determine the optimum combination from the available generating units to supply a given load at minimum operational cost subject to many system and operational constraints (Wood & Wollenberg 1996) .
The literature of UC problem and its solution methods are surveyed in Padhy (2004) . Several methods have been developed to solve UC problem, such as Priority Listing (PL) (Burns & Gibson 1975; Lee & Feng 1992) , Dynamic Programing (DP) (Snyder et al., 1987; Lower 1966) , Lagrangian Relaxation (LR) (Virmani et al., 1989; Zhuang & Galiana 1988) , Interior Point (IP) methods (Madrigal & Quintana 2000; Farhat & El-Hawary 2009) , Tabu Search (TS) (Mori & Matsuzaki 2000; Rajan et al., 2002) , Artificial Neural Networks (ANN) (Sasaki et al., 1992; Liang & Kang 2000) , Particle Swarm Optimization (PSO) (Kennedy & Eberhart 1995; Ting et al., 2006) , and Genetic Algorithms (GA) (Swarup & Yamashiro 2002; Ma et al., 1995; Orero & Irving 1996; Maifeld & Sheble 1996; Sood et al., 2003) .
Since the implementation of US clean air act amendments of 1990 and similar acts by European and Japanese governments, environmental constraints have become most important for power utilities (Group 1995) . The single objective cost function of classical UC could no longer be considered alone, due to environmental concerns arising from the emissions produced by electric power plants. The generation of electricity from fossil fuel releases several greenhouse gases, such as Carbon Dioxide (CO 2 ), Nitrogen Oxides (NO x ) and Sulfur Oxides (SO x ), into the atmosphere. Hence, the purpose of Emission Constrained Unit Commitment (ECUC) problem is to determine the optimal amount of generated power from the generating units by minimizing simultaneously the fuel cost and emission level subject to various system constraints. As a result, ECUC problem solution will assign less power to those generators with high fuel cost and high emission level, and thus emission is reduced.
Many researchers have considered greenhouse gases emission either in the objective function or treated emissions as additional constraints (Kulkarni et al., 2000) . The difficulty of the ECUC problem arises from the non-linearity nature of the objective function and constraints. Many classical techniques are inefficient and very comprehensive regarding computer requirements when solving ECUC problem. Recently, extensive research has been carried out to implement Artificial Intelligence (AI) based technique for solving the nonlinear problem of ECUC. GA has a highly simplified model and posses an efficient characteristic for solving ECUC problem in the presence of non-linearity and inequality constraints.
In this paper, an improved GA is developed and tested to solve the ECUC problem. The equality constraints of power balance and inequality constraints of generation limits are taken into consideration. The proposed approach is applied on Kuwait generation system.
ECUC PROBLEM FORMULATION Unit Commitment (UC) Cost
The objective of the UC optimization problem is to minimize the total generation cost over a scheduling period subject to units and load constraints. UC problem can be expressed as number of sub-problems of ED solutions equal to the number of intervals of study periods taking into consideration all unit and load constraints. The total operating cost of the UC problem is expressed as the sum of fuel cost, startup costs, and shutdown costs of the generating units (Wood & Wollenberg 1996) .
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The fuel cost function:
The input of thermal power plant is generally measured in MBtu/h and the output power is measured in MW. This input-output relation is converted to a fuel cost curve representing the relationship of the operating cost of a fossil-fired thermal unit. To simplify the fuel-cost function, these curves can be expressed in form of quadratic functions of the real power generation. The fitted curves are monotonously increasing and convex. Then, a quadratic polynomial with coefficients a i , b i , and c i is used to express the fuel cost as a function of the generating power t i P in the ith unit ( ) ( ) ( )
The startup cost is considered only for units which change their state from OFF to ON. The hot start up and cold startup are identified according to number of OFF hours before ON. This can be expressed as:
The shutdown cost is also considered for units which change their state from ON to OFF. This can be expressed as:
There are two types of constraints that must be considered in any UC problem. One is associated with system loads, while the other is associated with the generating units.
Load Constraints:
• Power balance of load and generation: Total load demand is equal to the sum of generator output, and it can be expressed as
• Spinning reserve of the power system: Spinning reserve can be defined as the total amount of maximum power available from all committed units minus the present total load demand. Also, the total available power during an interval of study must be greater than or equal to the summation of total load demand plus reserve at such interval. Generally, the amount of power reserve should be greater than the installed power capacity of the largest generating unit. This can be expressed as the following:
2. Unit Constraints: Unit constraints are considered because scheduled power for a certain unit must be within the minimum and maximum limits of such unit. Lower and upper limits of ith unit generated power can be expressed as:
The minimum up time constraint indicate that a generator unit must be ON for a minimum time before it can be shutdown. On the other hand, the minimum down time constraint indicate that a generating unit must be OFF for a minimum time before it can be restarted. Minimum up and down times of ith unit can be represented as:
Greenhouse Gas Emission
The solution to the UC problem will give the amount of real power to be generated by different units at a minimum fuel cost for particular demand while taking into account load and unit constraints. But the amount of greenhouse gases emission is not considered in classical UC. CO 2 emission factors are estimated using fuel carbon intensity of the consumed fuel. Similarly SO x emission factors are estimated by the fuel sulfur content. For combined-cycle plants, NO x emission factors are developed on the basis of the prime mover technology and size. The amount of emission from a fossil based thermal generating unit depends on the amount of power generated by the unit. The following expression is used to model greenhouse gases emission from different power plants:
where γ i , β i , and α i are emission coefficients of ith unit, which are obtained by curve fitting of recorded data of emitted gases in different power plants (Cai et al., 2012) .
Emission Constrained Unit Commitment (ECUC)
The economic dispatch and emission dispatch are two different optimization problems using Equation (3) and Equation (10). In this paper, the two objectives are converted into a single objective function by introducing a price penalty factor h i to combine fuel cost plus the implied emission cost (Kulkarni et al., 2000) . Then, the multi-objective problem of ECUC can be formulated as:
where w 1 and w 2 are weight factors.
Various methods have been suggested to calculate price penalty factor h i and among that the maximum price penalty factor has been chosen, as it offers a very good solution for emission restricted less cost condition (Kulkarni et al., 2000) . The maximum price penalty factor h i of each generator is the ratio between the fuel cost and emission at its maximum power output and it is represented as the following: Similarly, the price penalty factors for SO x and NO x are calculated. The product of the calculated emission value and price penalty factor decides the cost function of emission. The price penalty factor h i unifies the emission with the normal fuel costs and the total operating cost of the system (i.e., the cost of fuel + the implied cost of emission). Once the value of price penalty factor is determined, the problem reduces to a simple economic dispatch problem.
The two weighting factors added in Equation (11) can be used for three types of economic dispatch problems. The case when w 1 = 1 and w 2 = 0 is to yield the classical economic dispatch problem while the pure emission dispatch is the case when w 1 = 0 and w 2 = 1. To establish the combined economic and emission dispatch problem, both weighting factors must equal 1, for example w 1 = 1 and w 2 = 1 (Mandal & Chakraborty, 2008) .
THE PROPOSED ALGORITHM
The proposed algorithm consists mainly of two stages to solve ECUC optimization problem. In the first stage, the constrained nonlinear optimization of GA MATLAB toolbox is applied to solve the ED problem (MATLAB, 2011) . ED is separately applied to each interval of UC study period. A GA for solving ECUC is applied in the second stage. For each individual in each generation, a weighting factor is given according to its violation to the constraints. Good individuals have less weighting factors than bad ones. The proposed algorithm will be briefly explained next.
ED and Individual Generation
In large scale power systems, UC problem becomes very complicated due to the large number of variables. The search space will be large and getting the optimal solution will be very difficult. Therefore, the ECUC problem is decomposed into two stages. ED is separately applied on each interval of UC study, in order to obtain the best schedule of operating units at all intervals. The results obtained from all ED solution intervals are grouped and saved as one individual solution as shown in the encoding scheme of Figure 1 . In this figure, each column expresses generation schedule of one interval, while the state of each unit is expressed in the row. The encoding must be carefully designed to utilize the ability of GA to efficiently achieve the objective function by testing the fitness function. For Kuwait generation system which consists of N = 83 units and T = 24 intervals, the solution is saved as one row with (N.T ) bits. For example, the first bit is the state of unit one at interval one (u 1 t 1 ), and the second bit is the state of unit one at interval two (u 1 t 2 ). The GA execution process consists of several steps to adopt the algorithm parameters namely population size, intermediate recombination, real value cross over and mutation as well as elitism reinsertion. This process is repeated until the states of all units for all intervals are saved. Also, the saved individual may have the minimum generation cost but it may not satisfy all constraints such as minimum up time and minimum down time. For this reason, minimum up and minimum down times are checked for each unit and the number of changes needed to satisfy these time constraints is identified. The pre-saved individual is modified by randomly changing unit states according to the number of identified changes to satisfy minimum up and minimum down times.
GA for ECUC
In the second stage, a GA is applied to obtain the optimal solution of ECUC problem, as summarized in the flow chart of Figure 2 . In GA population generations, each individual contains a complete schedule of all generating units for all intervals. An initial generation cost is assumed to be equal to the summation of generation costs obtained from all ED solutions executed in stage one. In each GA, individuals are tested for all load and unit constraints. These individuals are weighted according to their constraints satisfaction. Bad individuals are weighted with a very high weighting factor, so they would have less chance competing in the next generation. The weighting factor for each individual is increased by one with each violation in load or unit constraints. Cost of any violated individual is obtained by multiplying the weighting factor of such individual by the initial generation cost obtained for pre-saved individual in stage one. ED is run only for individuals who satisfy all load and unit constraints.
RESULTS AND APPLICATION ON KUWAIT GENERATION SYSTEM
Electrical energy in Kuwait is rapidly increasing with a peak load rate of increase by 6-8% per year. Therefore, the country plans to install new power plants to cover the increasing demand. Development of Kuwait power stations' installed capacity is shown in Figure 3 .
There are 6 power stations in Kuwait composing a total of 83 generators. These power stations are owned by Ministry of Electricity and Water MEW. These power stations are (1) Shuwaikh, (2) Shuaiba South, (3) Doha East, (4) Doha West, (5) Az-Zour South, and (6) Sabiya. Detailed information of these power stations such as number of generators and their installed capacity are described in Table 1 (Center, 2011) .
The maximum system load in 2010 was registered on June 15th as 10,890 MW.
Hourly load curve for day of peak load is shown in Figure 4 .
The proposed GA has been applied on the 83 unit generation system in Kuwait in order to validate its ability of solving ECUC optimization problem and identify the optimal unit combination. The period of study for the optimization problem is assumed to be 24 hours. The load is assumed to be fixed for each hour of study. The following optimization parameters are used in the simulation: hot start cost for steam turbines = $4000, cold start cost for steam turbines = $8000, hot start cost for gas turbines = $50, cold start cost for gas turbines = $100, minimum up/down time of Three different cases with zero, 5%, and 8% of spinning reserve are executed using the improved GA. The available power reserves at all intervals are displayed in Table 2 for test cases with and without emission penalties. The change of the objective function with each population generation of GA is shown in Figure 5 . The startup cost and the running cost are listed in Table 3 for the test cases with and without emission penalties. The results of the startup cost and running cost are compared. From this comparison, the startup cost and the running cost are increased with the increase of spinning reserve. Similarly, the start up and running cost are increased for the study case with emission constrain compared to that without any emission constrain. The emission reduction could be achieved by a change in generation dispatch schedules but this is obtained at the expense of fuel cost. The thermal unit commitment for the day of peak load is drawn in Figure 6 with 8% reserve and taking into account the emission constraints. From the results displayed in Table 3 of minimum cost and minimum emission unit commitment with 8% reserve, it is observed that there is an increase in fuel cost of $1.53029 ×10 6 as a result of reduction in greenhouse gases emission. This reduction in emission could be attributed to the fact of starting gas turbines with less harmful emission compared to oil-fired units. For the day with peak load of 10,890 MW, the reduction in CO 2 , NO x and SO x emissions are 250.61, 0.491 and 0.537 Kg, respectively. Moreover, Table 4 displays the hourly reduction of these emitted greenhouse gases. 
CONCLUSIONS
Recently, environmental concern is an extremely important issue in the operational planning of the power generation systems. This paper presents an improved genetic based algorithm to deal with the emission constrained unit commitment optimization problem. A price penalty factor is defined that augments the greenhouse gases emission costs with the normal fuel cost functions. The augmented objective function includes emission price penalty in addition to the fuel cost, startup cost, and shutdown cost. This technique consists of two stages. In first stage, near feasible individuals are generated in solving economic dispatch problem. These individuals are part of the population of the first generation of GA which is applied in the second stage to identify the optimal scheduling of the generating units. In the proposed technique, individuals which do not satisfy constraints are weighted according to their distances from constraints satisfaction.
System load and unit constraints are taken into account. Generating units minimum up time, minimum down time, and generated power limits of each unit are also considered in the improved GA. Several test cases are executed on the 83 units of the generation system in Kuwait with different percentage of spinning reserve to illustrate its effect on the production, startup cost and the amount of the emitted greenhouse gases from the power plants. It is found that the proposed technique is simple, straight forward and has a good convergence property so that it could be applied to a wide range of emission constrained unit commitment problems. As a future work, the applications of the improved algorithm can be extended to include system security, transmission losses, as well as buying and selling policies between interconnected systems to reflect the real time operation in Gulf Cooperation Council (GCC) countries. 
